The mechanisms underlying the response and adaptation of plants to excess of trace elements 30 are not fully described. Here, we analyzed the importance of protein lysine methylation for 31 plants to cope with cadmium. We analyzed the effect of cadmium on lysine-methylated proteins 32 and protein lysine methyltransferases (KMTs) in two cadmium-sensitive species, Arabidopsis 33 thaliana and A. lyrata, and in three populations of A. halleri with contrasting cadmium 34 accumulation and tolerance traits. We showed that some proteins are differentially methylated 35 at lysine residues in response to Cd and that a few genes coding KMTs is regulated by 36 cadmium. Also, we showed that nine out of 23 A. thaliana mutants interrupted in KMT genes 37 have a tolerance to cadmium that is significantly different from that of wild-type seedlings. We 38 further characterized two of these mutants, one was knocked-out in the calmodulin lysine 39 methyltransferase gene and displayed increased tolerance to cadmium, the other was 40 interrupted in a KMT gene of unknown function and showed a decreased capacity to cope with 41 cadmium. Together, our results showed that lysine methylation of non-histone proteins is 42 impacted by cadmium and that several methylation events are important for modulating the 43 response of Arabidopsis plants to cadmium stress. 44
INTRODUCTION
Identification of methylpeptides -Mass spectrometry data were processed using the Proteome 189 Proteins were validated once they contained at least two peptides with a p-value <0.05. Two 198 additional filters were used to improve the identification of trimethylated Lys peptides: 1/ 199 selection of peptides with Mascot score ≥30, 2/ discrimination of Lys trimethylation (mass shift 200 of 42.04695) and Lys acetylation (mass shift of 42.01056) using a mass tolerance at 2 ppm. 201
Ambiguous peptides were eliminated and spectra of interest were checked manually to confirm 202 their sequence and the nature of modifications. Similar parameters were used to identify 203 trimethylated Lys peptides in samples from A. halleri and A. lyrata but MS data were searched 204 using a local database built using the A. lyrata genome resources (Alyrata_384_v2.1 from the 205 Joint Genome Institute) (Hu et al., 2011; Rawat et al., 2015) . 206 207
Screening of A. thaliana mutants in protein Lys methyltransferase genes 208
Seeds of the T-DNA insertion lines in 23 KMT genes were obtained from the European 209
Nottingham Arabidopsis Stock Centre. Mutants were genotyped by PCR using gene-and T-210 DNA-specific primers (Table S1 ). Amplicons were sequenced to map the insertion sites. 211
Seeds of Col-0 and homozygous KMT mutants were surface sterilized and sown onto Petri 212 dishes containing half-strength Murashige and Skoog (MS/2) medium with 0.8% (w/v) agar. 213
After two days of stratification at 4°C, plates were transferred to a growth chamber for four 214 days (21°C, 70% air humidity, 18 hours of light per day, 80 µmol of photons m -2 s -1 ). Twenty 215 10 obtained to analyze the tolerance strategies to Cd of two metallicolous populations of A. halleri 245 (BioProject PRJNA388549) (Corso et al., 2018) . In this experiment, gene expression in the I16 246 and PL22 populations was analyzed after 10 days of treatment with 5 µM Cd in hydroponics. 247
For the identification of DEGs, we selected genes with more than 10 read counts in any of the 248 triplicate, applied a non-parametric t-test (p-value<0.05) in pairwise comparisons, and used a 249 1.4-fold change threshold value (-0.5≤ log2 fold change ≥0.5). 250 251
Determination of Cd by inductively coupled plasma mass spectrometry (ICP-MS) 252
Plant samples were dehydrated at 90°C, weighed for data normalization, and digested at 90°C 253 for 4 hours in 65% (w/w) ultrapure HNO 3 . Mineralized samples were diluted in 0.5% (v/v) HNO 3 254 and analyzed using an iCAP RQ quadrupole mass instrument (Thermo Fisher Scientific 255 GmbH, Germany). 111 Cadmium concentration was determined using a standard curve and 256 corrected using an internal standard solution of 103 Rhodium added online. 257 258
Statistical analysis 259
Non-parametric statistical analysis was performed on our datasets, which typically contain 260 small sample sizes (n≤20) and do not meet the assumptions of parametric tests (normal 261 distribution and homogeneity of variance, as determined using the Shapiro-Wilk and Fisher 262 tests, respectively). Multiple non-parametric comparisons were performed with the Dunnett's 263 many-to-one test using the nparcomp package (Konietschke et al., 2015) and the R computing 264 environment. The Fischer's approximation method was used and the confidence level was set 265 at 95%. 
Analysis of the patterns of Lys-methylated proteins in sensitive and tolerant 275

Arabidopsis species exposed to Cd 276
We analyzed the effect of Cd stress on the pattern of Lys-methylated proteins in roots and 277 leaves of three Arabidopsis species showing contrasting Cd tolerance and accumulation. The 278 analysis was done by immunoblotting and focused on Lys trimethylation on proteins other than 279 histones because antibodies against mono-and dimethyl-Lys are less sensitive and specific 280 than anti trimethyl-Lys antibodies (Alban et al., 2014) . Moreover, the procedure used for protein 281 isolation was not appropriate for the extraction of histones, which requires acidic or high salt 282
conditions (Shechter et al., 2007) . We used the Cd-sensitive species A. thaliana (ecotype 283
Columbia, Col-0) and A. lyrata ssp. petraea, and the A. halleri species (Auby [AU] population) 284 that displays Cd hypertolerance and hyperaccumulation traits (Meyer et al., 2015) . Plants were 285 grown hydroponically for five weeks in a standard culture medium and then challenged with 5 286 µM CdSO 4 for nine days. In these conditions, the symptoms of Cd toxicity (growth inhibition, 287 chlorosis, and inhibition of photosynthesis) were visible for A. thaliana and A. lyrata plants, but 288 not for A. halleri ( Figure S1 ). The patterns of Lys trimethylated proteins were complex with 289 many polypeptides detected in root extracts and in leaf soluble extracts ( Figure 1 ), illustrating 290 the wide array of targets of Lys methylation. The analysis was less informative for leaf 291 membrane proteins with only a few and diffuse bands detected. A careful examination of the 292 trimethyl-Lys signals indicated several changes in the expression patterns of methylated 293 proteins between species or between control and Cd-treated plants (Figure 1 ). For example, 294 a Lys-trimethylated protein of 43-45 kDa was strongly labeled in A. lyrata leaf soluble extracts, 295 regardless of growth conditions, but was not detectable in A. thaliana and A. halleri extracts. 296
The most obvious example regarding the effect of Cd was a doublet of proteins at about 26-297 28 kDa in leaf soluble extracts. This doublet was constitutive in A. halleri, i.e. present in both 298 culture conditions, detected in A. lyrata treated with Cd, but not observed in A. lyrata in control 299 conditions nor in A. thaliana with or without Cd treatment ( Figure 1a ). Noteworthy, a doublet of 300 proteins with a similar migration behavior was detected with a strong and constant 301 immunostaining in root soluble extracts from the three Arabidopsis species in both culture 302 conditions ( Figure 1c ). Similar western blot analyses were performed with two other 303 populations of A. halleri, I16 and PL22, that are hypertolerant to Cd (Meyer et al., 2015) . The 304 patterns of Lys-trimethylated proteins in I16 and PL22 were similar to those observed for AU, 305
and notably the doublet of proteins at 26-28 kDa in leaf soluble extracts was detected in control 306 and stress conditions ( Figure S2 ). Together, these results indicate that Cd triggers changes in 307 the steady-state level of some Lys-methylated proteins, with contrasting patterns depending 308 on the Arabidopsis species and possibly their ability to tolerate and accumulate Cd. 309 310
Identification of Lys-methylated proteins related to Cd stress in Arabidopsis 311
We used protein tandem mass spectrometry (MS/MS) to identify Lys-methylated proteins 312 whose expression is modulated by Cd. The identification of Lys-methylated peptides by 313 MS/MS is still challenging for many reasons (Wang et al., 2017), including the low abundance 314 and/or low methylation level of targets and the high false discovery rates for methylpeptides 315 identification due to amino acid substitutions that are isobaric with methylation events (Ong et 316 al., 2004; Hart-Smith et al., 2016) . To address this challenge we focused on the identification 317 of the abundant doublet of trimethylated proteins at 26-28 kDa for which the expression pattern 318 was potentially interesting regarding Cd stress ( Figure 1 ). We used a filtering procedure 319 adapted from Alban et al. (2014) to identify Lys-trimethylated peptides with high confidence. 320
Also, MS/MS data from A. lyrata and A. halleri were searched against a database built from 321 the A. lyrata genome, and not against the A. thaliana genome, to improve the identification of 322
Lys-methylated peptides. Using this procedure, we were able to identify Lys-trimethylated 323 peptides belonging to nine proteins in the gel bands of interest in the range 25-30 kDa ( Table  324 1, Table S2 , and Figure S3 ). 325
In root samples, where two protein bands at 26-28 kDa were strongly labeled with the trimethyl-326
Lys antibodies in all species and conditions (Figure 1c ), we identified Lys-trimethylated (RPL10A), and a malate dehydrogenase. For malate dehydrogenase, the peptide bearing the 329 previously unknown trimethylated Lys249 was detected only in the extract from A. lyrata plants 330 treated with Cd (Table 1) . For EEF1A, we identified three Lys trimethylation sites, two of them 331 (Lys79 and Lys187) were detected in the three Arabidopsis species and were already known 332 unknown. For RPL10A, two Lys trimethylation sites were identified, the first (Lys90) was 335 formerly identified in A. thaliana (Carroll et al., 2008) while the second (Lys46) was not known. 336
The identification of known methylation sites in EEF1A and RPL10A validated the overall 337 pipeline for methylpeptide search and the use of the A. lyrata genome for MS/MS spectra 338 assignation in both A. lyrata and A. halleri. 339
In leaf samples, where the immunodetection of the doublet of Lys-methylated proteins is 340 species-and condition-dependent ( Figure 1a ), we identified trimethylated Lys residues in 341 EEF1A, RPL10A, and six additional proteins ( Table 1) We compared western blot and MS/MS analyses to try to assign the major trimethylated 346 proteins at 26-28 kD. The detection pattern of peptides from RPL10A bearing a trimethylated 347
Lys90 in root and leaf samples (Table 1) matched exactly the signals obtained with the 348 antibodies against trimethyl-Lys ( Figure 1a ). For EEF1A, the overlap between methylpeptides 349 and immunoblotting signals was also important. However, EEF1A is a very abundant cytosolic 350 protein of about 50 kDa ( Figure S4 ), suggesting that its identification in bands of 25-30 kDa 351 was due to the high sensitivity of MS/MS detection and presumably protein smearing. Although 352 the approach we used did not provide quantitative information about the identified 353 methylpeptides, these results suggest that RPL10A (25 kDa) could contribute to one of the two treatment duration (2 hours to 7 days), growth medium (agar plates or hydroponics), and stage 377 of development (7-day-old seedlings to 5-week-old mature plants). The coverage of KMT 378 genes was important in each of the microarray experiment (51 to 59 genes identified out of 379 59). We found that the expression of some KMT genes was regulated by Cd (Table S3 ). Most 380 of the differentially expressed genes (DEGs) were found in an experiment with drastic 381 conditions of stress (200 µM Cd for 6 hours in hydroponics) (Li et al., 2010) . In these conditions, concentration. Also, the expression of SDG29 was upregulated following a short-term 385 exposure to Cd. Together, these data indicate that the expression of a limited number of KMT We used a screening procedure with knock-out mutants to determine whether some KMT 417 genes could play a role in the response of A. thaliana to Cd. We included only genes coding 418 T-DNA insertion lines disrupting 23 of the selected genes (Table S1 ). Three genes could not 426 be retained for the screening, of which PAP7 for which the mutation is lethal in 427 photoautotrophic conditions (Grübler et al., 2017) . 428
We analyzed mutant seedlings for root growth inhibition by Cd, which is a simple and efficient 429 method to assess tolerance to a toxic element (Remy & Duque, 2016). The procedure was set 430 up using Col-0 seedlings and the cad2.1 null mutant that is hypersensitive to Cd (Howden et 431 al., 1995). In brief, 4-day-old seedlings were transferred to MS/2 medium supplemented or not 432 with 20 µM CdSO 4 and grown vertically for another 10 days in photoautotrophic conditions (no 433 source of reduced carbon added to the medium) ( Figure 3 ). Root length at day 8 and root 434 elongation rate between days 3 and 8 were used as primary criteria to assess tolerance of the 435 mutant lines to Cd (Figure 3 ). To address line-dependent differences in root growth that could 436
interfere with the interpretation of the screening we also calculated the tolerance index (TI) for 437 the two primary parameters, which corresponds to the ratio between the values in Cd-the medium (20 µM) was selected to produce a significant root growth inhibition (TI about 0.5) 440
and to allow the identification of insertion lines that are either more tolerant or more sensitive 441
to Cd than Col-0 in our experimental conditions. 442
The results of the screening procedure have been summarized in a heat-map displayed in 443 insertion lines were comparable with the Col-0 ecotype. Second, five mutants (sdg51, sdg52, 445 camkmt1, sbs7, and sbs9) displayed a higher tolerance to Cd than the wild-type. Third, four 446 mutants (sdg50, sbs2, sbs6, and sbs8) were found more sensitive to Cd than the wild-type. 447
Together, the screening procedure allowed for the identification of nine out of 23 insertion 448 mutants with a tolerance to Cd that is significantly different from that of the wild-type ecotype, 449
suggesting that protein Lys methylation is part of the responses used by A. thaliana to cope 450 with Cd stress. 451 452
Characterization of a Cd-tolerant mutant deficient in calmodulin Lys methyltransferase 453
Two mutants identified in the screening were selected for further investigations. The first 454 insertion line, camkmt1, was found more tolerant to Cd than the wild-type ( Figure 4 ) and is 455 inactivated in the CAMKMT gene coding the CaM Lys methyltransferase (Banerjee et al., 456 2013) . A previous analysis of the camkmt1 null-mutant showed that disruption of the CAMKMT 457 gene abolished CaM methylation at Lys315 and revealed a link between the methylation status 458 of CaM and seedling tolerance to salt, heat, and cold stress (Banerjee et al., 2013) . 459
The tolerance to Cd of the camkmt1 knock-out line was verified using root growth assays and 460 seedling biomass measurements using variable concentrations of the toxic metal (from 5 to 20 461 µM). For root elongation inhibition, the improved tolerance of camkmt1 was significant only at 462 the highest Cd concentration (Figure 5a ). For seedling growth inhibition, the inhibitory effect of 463
Cd on biomass was significantly less important for camkmt1 than for the wild-type at 10 and 464 concentration of Cd (20 µM) and fluctuating concentrations of Ca (0.5, 1, and 1.5 mM). 468
Changes in Ca availability did not modify the growth of seedlings in the absence of Cd (Figure  469 6). The inhibition of root elongation and seedling biomass by Cd was inversely correlated to 470
Ca concentration in the medium. Also, the camkmt1 line was found significantly more tolerant 471
to Cd than the wild-type at each Ca concentration tested ( Figure 6 ). Together, these data 472 validated our screening approach and confirmed the identification of a Cd-tolerant A. thaliana 473 mutant affected in the methylation of CaM. 474
Then, we used ICP-MS to determine whether the difference in Cd-tolerance of camkmt1 could 475 be due to changes in its capacity to take up the element from the environment. Cadmium was 476 measured in roots and shoots of plants grown in hydroponics and challenged with various Cd 477 concentrations (0.2, 1 and 5 µM) for 7 days. There was no significant difference in the 478 absorption and translocation of Cd in camkmt1 as compared to Col-0 ( Figure S6) . Thus, the 479 tolerance to Cd of camkmt1 was not due to changes in Cd accumulation but rather to an 480 improved capacity to cope with the toxic element. The sbs2 line was selected for further investigations because it is more sensitive to Cd ( Figure  485 4) and the SBS2 gene is upregulated in the roots of the A. halleri PL22 population challenged 486 with Cd ( Figure 2c ). Yet, the function of the SBS2 gene is unknown. 487
Similar to camkmt1, we first confirmed the phenotype of sbs2 by measuring the inhibition of 488 root elongation and seedling growth with different concentrations of Cd. Root growth of sbs2 489 was significantly more inhibited by Cd than the wild-type at all concentrations tested (5 to 20 490 µM; Figure 5c ). Also, the biomass of sbs2 seedlings was lower than Col-0 seedlings for the 491 three concentrations tested (Figure 5d ), confirming the Cd-sensitive phenotype of sbs2. 492
To gain insight into the role of the SBS2 gene in the response to Cd we selected a second 493 independent insertion line, referred to as sbs2b. The T-DNA insertions were located in the 494 fourth exon of SBS2 for sbs2b and downstream the fourth exon for sbs2, in a region that is either an intron or the 3' untranslated region of SBS2 transcript variants (Figure 7) . Reverse detectable SBS2 transcripts. Also, root growth assays showed that sbs2b behaved as sbs2 498
and was less tolerant to Cd than wild-type seedlings (Figure 7) . Together, these data indicated 499 that the invalidation of the SBS2 gene is responsible for an increased sensitivity to Cd. 500
We analyzed whether the uptake and distribution of Cd was affected in sbs2. The Cd content 501 in roots and shoots of sbs2 was similar to that of Col-0 at any Cd concentration tested ( Figure  502 S6). Thus, the increased sensitivity to Cd of sbs2 was not associated with an increased 503 absorption of the toxic element from the medium but rather to a reduced capacity to deal with 504 its deleterious effects. 505
Last, as a preliminary approach to identify the substrate of the SBS2 methyltransferase, we 506 used western blot analysis to compare the patterns of Lys-trimethylated proteins in sbs2 and 507
Col-0. We could not observe any significant decrease in band intensity (hypomethylation) in 508 sbs2 relative to Col-0 in soluble or membrane proteins from roots and shoots of seedlings 509 grown in standard conditions ( Figure S7) . Thus, the substrate of SBS2 is probably a low 510 abundant protein that was not detectable by the current immunolabeling approach. 511
512
DISCUSSION
513
The methylation status of Lys residues in proteins is controlled by KMTs and contributes to the 514 regulation of protein properties in diverse biological processes. To address whether Lys 515 methylation of non-histone proteins is important for metal tolerance in Arabidopsis species, we 516 analyzed the effect of Cd on the two partners participating in this PTM, i.e. methylated proteins 517 on the one hand and KMTs on the other hand. Using an immunoblotting approach, we showed 518 that the Lys-methylation status of some proteins is influenced by a Cd stress in the roots and 519 leaves of Arabidopsis (Figure 1) . Changes in methylation patterns were observed between Cd-520 tolerant and Cd-sensitive species and between treated and untreated plants. This analysis 521 provided the first evidence that the steady-state level of some methylproteins, or the 522 stoichiometry of Lys methylation of these proteins, could be linked with metal stress and with 523 the genetic diversity of the Arabidopsis species. Then, we used MS/MS to identify Lys-524 trimethylated proteins of low molecular weight (25-30 kDa) that displayed different expression 525 profiles in the leaves of A. thaliana, A. lyrata or A. halleri in response to Cd. Using a specific 526 pipeline for the identification of Lys trimethylation events we identified 12 methylsites in nine 527 proteins ( Table 1) . Six of these proteins and eight of the Lys-methylated sites were not 528 previously known, illustrating the depth of the analysis. In addition, by using genomic resources 529 of A. lyrata for the assignment of MS/MS spectra from A. lyrata and A. halleri samples, we 530
were able to identify, for the first time, post-translationally modified proteins in these model 531
species. 532
The methylation status of only one of the identified methylproteins, RPL10A, was correlated 533 with the different responses of Arabidopsis species upon Cd stress in leaves. RPL10A is 534 involved in translation as a subunit of the 60S large ribosomal subunit and has non-canonical 535 functions linked with its translocation to the nucleus. RPL10A is an essential protein in plants substrate of the receptor-like kinase NIK1 and its phosphorylation redirects the protein from 539 the cytosol to the nucleus where it may act to modulate viral infection (Carvalho et al., 2008) . 540
We identified two Lys trimethylation sites in Arabidopsis RPL10A proteins. The first one (Lys46) 541 has been previously identified as monomethylated by the RKM5 methyltransferase in the 542 homolog of RPL10A from yeast (Webb et al., 2011). Trimethylation of Lys46 was detected only 543 in the roots of A. thaliana grown in control conditions and, so, has probably no link with the 544 response to metal stress. This assumption is supported by the observation that a mutation in 545 the SBS1 gene, the ortholog of RKM5 ( Figure S5 ), did not change the tolerance to Cd of A. 546 thaliana seedlings (Figure 4 ). The pattern of trimethylation of the second residue (Lys90) in 547 RPL10A in leaves was influenced by Cd stress in a species-depend manner ( Table 1) . The 548 functional outcome of Lys90 trimethylation in RPL10A is not known; the modification may 549 contribute to the optimization of ribosomal function or may affect its non-canonical functions, and accumulate the toxic metal. In A. thaliana, the steady-state level of only two KMT genes 554 is regulated by moderate concentrations of Cd (Table S3 ). In A. halleri, we showed that Cd 555 induces a significant change in the expression of four KMT genes in the PL22 population, but 556 none in the I16 population (Figure 2c ). The transcriptomic, ionomic and metabolomic analysis 557 of these two metallicolous populations from different European genetic units indicated that 558 distinct strategies driven by different sets of genes have evolved for the adaptation to high Cd 559
(Corso et al., 2018) or high zinc in soils (Schvartzman et al., 2018) . Since PL22 accumulates 560
Cd in roots and shoots whereas I16 behaves as a Cd excluder, both in situ and in hydroponic 561 conditions, these results suggest that the regulation of KMT genes expression in PL22 could 562 be correlated with the level of Cd that is taken up from the environment and translocated to 563 shoots. The substrates of the KMTs encoded by these four genes (SDG52, SBS2, SBS5, and 564 SBS9) are likely not histones ( Figure S5 ), suggesting that Lys methylation of non-histone 565 proteins could contribute to the regulation of cellular mechanisms involved in Cd accumulation 566 or detoxification in the PL22 population. The analysis of DEGs between I16 and PL22, 567 regardless of the presence of Cd in the culture medium, identified 22 KMT genes (Figure 2b) . 568
This suggests that Lys methylation of histones and non-histone substrates could be part of the 569 diverging adaptation strategies of metallicolous populations. The expression of KMT genes 570 coding enzymes of the SDG family has been previously analyzed in cotton plants stressed with 571 high temperature (Huang et al., 2016) and in foxtail millet under different abiotic stresses 572 (Yadav et al., 2016) . In these studies, the expression pattern of some KMT genes was 573 significantly changed in stress conditions. These data, together with our results, suggest that 574 protein Lys methylation could play a role in the responses of plants to a variety of abiotic 575
stresses. 576
Last, we used a screening procedure based on root growth inhibition assays to determine 577 whether some KMT genes could be important for A. thaliana to cope with Cd. We showed that 578 nine out of 23 insertion mutants displayed a tolerance to Cd that was significantly different from 579 that of wild-type seedlings (Figure 4) . These KMTs belong to the SDG class VII (SDG50, 580 SDG51, SDG52) and to the SBS family (SBS2, SBS6, SBS7, SBS8, SBS9, CaMKMT) and are 581 known, or predicted, to modify non-histone targets (Serre et al., 2018), suggesting that Lys 582 methylation of non-histone proteins is one of the regulatory mechanisms modulating the 583 response of A. thaliana to Cd stress. 584
Two of the identified mutants were further investigated. The camkmt1 line is unable to 585 methylate CaM (Banerjee et al., 2013) and is more tolerant to Cd than the wild-type at each 586 Ca concentration tested ( Figure 5 ). Cadmium is known to interfere with Ca homeostasis and 587 the Ca/CaM system has been hypothesized to participate in heavy metal signaling (Gallego et 588 al., 2012; Baliardini et al., 2015) . More generally, CaM has been implicated in the response 589 and recovery to different stresses and CaM methylation has been proposed to play a regulatory 590 role in these processes. Indeed, a camkmt1 null mutant displayed increased tolerance to salt, 591 heat and cold stress whereas lines overexpressing CAMKMT were hypersensitive to these 592 stresses (Banerjee et al., 2013) . Together, these data suggest that Lys methylation of CaM 593 also plays a role in the signaling cascade triggered by Cd, probably at a level that is common 594 between different abiotic stresses. The precise role of Lys methylation in the modulation of 595
CaM activity is still unclear. 596
Our data also indicated that the invalidation of the SBS2 gene in A. thaliana is associated with 597 a decreased capacity to cope with Cd ( Figure 7) . Also, the expression of SBS2 was increased 598 in the roots of A. halleri PL22 plants challenged with Cd (Figure 2c ), suggesting that the 599 methylation reaction catalyzed by SBS2 is useful to limit the deleterious effects of Cd. The 600 function of SBS2 is still not known in plants. Its ortholog in animal cells is METTL23 (Figure  601   S5 ). METTL23 is located in the cytoplasm and the nucleus, interacts with a subunit of the GA-602 binding protein transcription factor, but its target(s) has not been yet identified (Bernkopf et al., 603 of SBS2 is the next step to gain insight into the role of this methylation event under favorable 607 growth conditions and in the response to Cd stress. 608 609 Together, the data presented in this study provide the first evidence for a link between the 610 methylation status of Lys in non-histone proteins and the response of plants to a stress induced 611 by Cd. They pave the way for the identification of cellular mechanisms that are regulated by 612
protein Lys methylation and are important for plants to cope with toxic elements. To reach this 613 goal one has to identify the KMT/substrate relationships to be able to modulate the methylation 614 status of protein targets in vivo. To summarize, this work suggests that the characterization of 615 the KMT involved in the methylation of Lys90 in RPL10A and the identification of the substrates 616 of the KMTs encoded by genes that are modulated by Cd and play a role in Cd tolerance will 617 provide significant insights into the role of protein Lys methylation during metal stress. 
Soluble proteins were extracted from root and leaf tissues from Arabidopsis plants grown in control medium (CM) or challenged with 5 µM Cd for 839 9 days. Following SDS-PAGE, protein bands in the range 25-30 kDa were excised from the gel, digested with trypsin and analyzed by MS/MS 840 using a Q Exactive Plus Orbitrap mass spectrometer. MS/MS data were searched for peptides bearing Lys trimethylated peptides as detailed in 841 the Methods section. Sixteen Lys trimethylated peptides belonging to nine proteins have been identified with high confidence. Peptides detected 842 in at least one of the 12 samples with Mascot scores ≥30 are shown in grey boxes. A dash indicates that the peptide was not detected in the 843 corresponding sample (or with a Mascot score <30). At, A. thaliana; Al, A. lyrata; Ah, A. halleri (AU population). A comprehensive description of 844 peptide properties and representative MS/MS spectra are available in Table S2 and Figure S3 , respectively. 845 for SBS2, and ACT7-F (ACATCGTTCTCAGTGGTGGTCC) and ACT7-R (ACCTGACTCATC-922 GTACTCACTC) for ACTIN7. PCR products were resolved by agarose gel electrophoresis. 923
Two major amplicons of 700 to 800 bp were amplified in Col-0, cloned and sequenced. They 924 correspond to splicing variants 1 and 4. (c) -Tolerance to Cd of the sbs2 and sbs2b mutants. 925
Four-day-old seedlings were transferred onto MS/2 medium supplemented or not with 20 µM 926 CdSO 4 and grown vertically for 10 days in photoautotrophic conditions. Root length was 927 measured at day 8. Each distribution represents n=20 seedlings. Statistical significance Table S3 : Differentially expressed KMT genes in A. thaliana exposed to Cd. SDG14  SDG52  SDG51  SBS8  SDG3  SDG13  SDG22  SDG11  SDG39  SDG8  PTAC14  SBS9  SBS5  LSMT1  SBS2  SDG9  SDG23  SDG18  SDG20  PPKMT3  SDG35 SDG14  SDG52  SDG51  SBS8  SDG3  SDG13  SDG22  SDG11  SDG39  SDG8  PTAC14  SBS9  SBS5  LSMT1  SBS2  SDG9  SDG23  SDG18  SDG20  PPKMT3  SDG35 
